Simulation of seismic response in a city-like environment by Groby, Jean-Philippe et al.
ar
X
iv
:p
hy
sic
s/0
40
40
67
v1
  [
ph
ys
ics
.co
mp
-p
h]
  1
4 A
pr
 20
04
Simulation of seismi response in a ity-like
environment
Jean-Philippe Groby
∗
Chrysoula Tsogka
†
Armand Wirgin
‡
November 10, 2018
Abstrat
We study the seismi response of idealized 2D ities, onstituted by non equally-spaed,
non equally-sized homogenized bloks anhored in a soft layer overlying a hard half spae.
The bloks and soft layer are oupied by dissipative media. To simulate suh response,
we use an approximation of the visoelasti modulus by a low-order rational funtion of
frequeny and inorporate this approximation into a rst-order-in-time sheme. Our re-
sults display spatially-variable, strong, long-duration responses inside the bloks and on the
ground, whih qualitatively math the responses observed in some earthquake-prone ities
of Mexio, Frane, the USA, et.
Keywords: ampliation and long oda of vibration, beatings, ities, earthquakes
1 Introdution
A notieable feature of many earthquake-prone ities suh as Mexio-City [1℄, [2℄, [3℄, Nie
[4℄, Los Angeles [5℄ et., is that they are partially or wholly built on soft soil. Seismogram
reords in suh ities indiate ampliation of the ground motion, beating phenomena, long
odas and substantial spatial variability of response.
To analyze the possible auses of these puzzling eets, we study the ation of a seismi
wave on a relatively-simple strutural model with both geologial and man-made features. Our
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2D model has three omponents, as in [6℄, (from bottom to top in Fig. 6): a hard half spae
(HHS), overlain by a soft dissipative soil layer (SL), in whih are partially imbedded a set of
even softer dissipative bloks (SB). HHS and SL are geologial features, the set of SB, whih are
homogenized for purpose of the analysis, is man-made and onstitutes the visible omponent of
an idealized ity.
Real media disperse and attenuate waves. In [6℄, all the material omponents of the 'ity'
were taken to be lossless. In order to obtain a more realisti piture of wave propagation in
the soft layer and in the homogenized bloks, we onsider them to be omposed of dissipative
media. We follow the approah exposed in [7℄, [8℄, [9℄ and show how it an be used to simulate
SH visoelasti wave propagation.
Even when the media are dissipative, we nd that the presene of the bloks gives rise
to ground motion ampliation, beating phenomena, long duration and spatial variability of
response, whih are not present in the ase of a at ground (i.e., without homogenized bloks)
for the same soliitation. We also nd that these eets are similar, although with less amplitude,
to those for non-dissipative media (as assumed in [6℄).
In order to understand, identify, and quantify some auses of these features, we study the
inuene of the distane separating the homogenized bloks. If the homogenized bloks are
onsidered to be homogenized buildings, we show that dereasing the distane between buildings
inreases the interation between buildings, and between buildings and the soft layer, but does
not modify fundamentally the response in terms of ampliation and duration. We attribute
duration eets to the exitation of Love-like modes due essentially to the presene of the bloks
[10℄, [11℄.
2 Basi Ingredients of our Model
Referring one again to Fig. 6, the bloks of the ity are assumed to be in welded ontat with
the substratum by an interfae on whih we assume (as in [6℄) the ontinuity of displaement
and normal stress. Our ity is invariant in the x3-diretion with x1, x2, x3 being the artesian
oordinates, and x2 inreasing with the depth (see Fig.6 wherein the sagittal plane is displayed).
The support of the seismi soure is a line in the x3-diretion, and is loated deep in the
HHS, radiating a Riker pulse ylindrial shear-horizontal (SH) displaement eld. Only the
2
x3-omponent of this eld is non-vanishing and invariant with respet to x3, so that the total
eld underneath and on the free surfae is also SH-polarized and invariant with respet to x3.
The resulting problem is 2D with the displaement eld depending only on x1, x2 and on time
t.
We denote by hi, wi and d
j
i,i+1, the height, width of the blok Bi and spae interval between
the bloks Bi and Bi+1 for the three ongurations, C
j ; j = 1, 2, 3, we studied. The substratum
Ω0 is oupied by a linear, isotropi, mediumM0, haraterized by mass density ρ(x) = ρ0, shear
modulus µ(x) = µ0, and quality fator Q(x) = Q0 = +∞, with x = (x1, x2). The soft layer Ω1 is
oupied by a linear, isotropi, dissipative medium M1 haraterized by mass density ρ(x) = ρ1,
relaxed shear modulus µR(x) = µR1, and quality fator Q(x) = Q1. The bloks Ω2 are oupied
by the linear, isotropi, dissipative medium M2 haraterized by mass density ρ(x) = ρ2, relaxed
shear modulus µR(x) = µR2, and quality fator Q(x) = Q2.
3 Methods
Sine problems in seismology are essentially onerned with transient phenomena it is natural
to treat them in the spae-time rather than the spae-frequeny framework. This also presents
ertain advantages from the numerial point of view. The obvious approah is then to solve
the seond-order-in-time wave equation (Navier equation when the medium is isotropi) for the
displaement vetor. A less-obvious, but numerially-advantageous method [12℄, [13℄, [14℄, is to
ast the wave equation into the form of two rst-order-in-time partial dierential equations, for
the two unknowns onstituted by the displaement and pseudo-veloity vetors.
In the following, we show briey (more details are given in [7℄, [8℄, [9℄) how to do this
for motion in visoelasti, isotropi media. Sine our problem relates to 2D, SH motion, the
unknowns redue to the single non-zero omponent of the displaement vetor and the two
omponents of a pseudo-veloity vetor. We show that these unknowns satisfy two oupled rst-
order-in-time partial dierential equations, in whih appear a set of unknowns (usually alled
memory variables) whose existene is due to the visoelasti nature of the media. Eah of these
oeients is shown to satisfy a rst-order-in-time partial dierential equation whose driving
term is related to the pseudo-veloity vetor.
In an isotropi, non pre-stressed, elasti ( visoelasti) medium M , the stress tensor skl is
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related to the strain tensor ekl by the Hooke-Cauhy onstitutive relation
skl = λδklemm + 2µekl ; k, l = 1, 2, 3 . (1)
wherein the Einstein summation onvention is impliit, δkl is the Kroneker delta and ekl is
related to the partile displaement vetor (whose elements are uk) by
ekl =
1
2
(uk,l + ul,k) , (2)
with uk,l signifying the partial derivative of uk with respet to the l-th artesian oordinate xl.
Furthermore, λ is the bulk modulus and µ the rigidity. In elasti media, λ and µ are, at most,
funtions of position, whereas in visoelasti media (i.e., with memory), µ depends also on time.
The tensorial wave equation in elasti and visoelasti media, in the ontext of linear (viso)
elastiity, is
skl,k − ρ∂
2
t ul = −ρfl ; k, l = 1, 2, 3 , (3)
wherein ρ is the mass density of the medium, fl the l-th omponent of the applied fore density
vetor, t the time variable and ∂2t :=
∂2
∂t2
. This set of partial dierential equations an be
reognized to be linear in terms of the displaement ul sine skl is a linear funtion of ul.
The 2D SH aspet of the problem is enompassed in the assumptions: f1 = f2 = 0, u1 =
u2 = 0 and u3,3 = 0. so that the tensorial wave equation beomes
(s13,1 + s23,2)− ρ∂
2
t u3 = −ρf3 . (4)
Let
σ := (s13, s23) , u := u3 , f := f3 . (5)
Then
σ = (µu3,1, µu3,2) = µ∇u , (6)
whih is the expression of the onstitutive relation for the situation orresponding to that of 2D
SH motion in (viso)elasti media.
By the same token, the wave equation for 2D SH motion in isotropi, non pre-stressed,
(viso)elasti media beomes
∇ · (µ∇u)− ρ∂2t u = −ρf , (7)
whih is of the general form
∇ · (a∇U)− b∂2t U + cF = 0 . (8)
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We are able to show that this equation an be obtained from the two rst-order-in-time
equations
−∂tV + a∇U = 0 , (9)
b∂tU −∇ ·V = cG . (10)
by taking the divergene of (9), the partial time derivative of (10), and subtrating the equations
so obtained. This leads to (8) provided G is hosen so that
F = ∂tG . (11)
Thus, instead of being onfronted with solving a single, seond-order-in-time partial dieren-
tial equation for U , we must solve two rst-order-in-time partial dierential equations for the
displaement U and the pseudo-veloity V.
By a visoelasti solid we mean a material whose rigidity at an instant t depends on the
whole strain history of the solid, so that the Hooke-Cauhy relation takes the more general
(onvolution) form (for 2D, SH motion)
σ(x, t) =
∫ t
−∞
µ(x, t− τ)∇u(x, τ)dτ , (12)
wherein x := (x1, x2). When the onstitutive relation (12) is inserted into the wave equation, the
latter beomes an integro-dierential equation whih is very umbersome to solve numerially
beause it requires saving in memory the whole history of the solution at all points of the
ompuational domain. To overome this inonveniene, Emmerih and Korn [15℄ propose a
(essentially Maxwell body) method whereby they approximate the Fourier spetrum µ(x, ω)
(with ω the angular frequeny) of the visoelasti rigidity modulus µ(x, t) by a rational funtion
of frequeny.
Consider F(x, t) to be a funtion of x and t; then F(x, ω) is its Fourier spetrum (with ω
the angular frequeny) suh that
F(x, t) =
∫ ∞
−∞
F(x, ω) exp(−iωt)dω . (13)
Consequently, the frequeny domain onstitutive relation orresponding to (12) is
σ(x, ω) = µ(x, ω)∇u(x, ω) . (14)
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We suppose that the spetrum funtion µ(x, ω) is known (from experimental data) and wish to
approximate it in the rational funtion manner. To do this, we introdue the relaxation funtion
R(x, t) dened by
µ(x, t) =
dR(x, t)
dt
. (15)
This relaxation funtion is assumed in [15℄ to take the form of a disrete sum of sinusoidal
funtions
R(x, t) ≈ µR(x)

1 + δµ(x)
µR(x)
J∑
j=1
aj(x) exp(−ωjt)

H(t) , (16)
wherein J is some integer, preferably not too large to redue the omputational eort, H(t) is the
Heaviside funtion, µR(x) the relaxed rigidity modulus (equal to the time-invariant rigidity in the
elasti ase), δµ(x) a dierential rigidity whih is a measure of the departure from elastiity, ωj
the relaxation frequenies, it being understood that the oeients aj obey the (normalization)
relation
J∑
j=1
aj(x) = 1 . (17)
From (15)-(17)we nd
µ(x, ω) ≈ µR(x)

1 +
J∑
j=1
yj(x)
iω
iω − ωj

 , (18)
wherein
yj(x) :=
δµ(x)
µR(x)
aj(x) . (19)
In the works of Emmerih and Korn [15℄ and Groby and Tsogka [7℄, [8℄, [9℄ the weight funtions
{yj(x ; j = 1, 2, .., J)} are determined in unique manner from a given µ(x, ω) by solving an
overdetermined linear system arising from sampling (18) at a set of relaxation frequenies ωl
whih are hosen equidistant on a logarithmi sale in the interval [ωmax/100, ωmax], with ωmax
the maximal frequeny of the soliitation spetrum.
We introdue the new variables ζj(x, ω):
ζj(x, ω) :=
iω
iω − ωj
yj(x)µR(x)∇u(x, ω) , (20)
so that
σ(x, t) = µR∇u(x, t) +
J∑
j=1
ζj(x, t) = σR(x, t) +
J∑
j=1
ζj(x, t) . (21)
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It is then straightforward to show that ζj satises the dierential equation:
∂tζj(x, t) + ωjζj(x, t) = yj(x)∂tσR(x, t) . (22)
We now introdue a new funtion ηj(x, t) suh that
ρ(x)∂2t ηj(x, t) := ∇ · ζj(x, t) . (23)
Then, it an be shown that:
∂2t ηj(x, t) + ωj∂tηj(x, t) =
1
ρ(x)
∇ · (yj(x)µR(x)∇u(x, t)) , (24)
∇ · (µR(x)∇u(x, t)) + ρ(x)
J∑
j=1
∂2t ηj(x, t)− ρ(x)∂
2
t u(x, t) + ρ(x)f(x, t) = 0 . (25)
The latter equation is of the form (8) provided we make the assoiations: U = u, a = µR, b = ρ,
F = f +
∑
j=1 ∂
2
t ηj , and c = ρ, so that employing the previously-demonstrated equivalene
between (8) and a system of two rst-order-in-time partial dierential equations, we nd, at
present, that (25) is equivalent to the ouple of equations:
µR(x)∇u(x, t) − ∂tV(x, t) = 0 , (26)
ρ∂tu(x, t) −∇ ·V(x, t) = ρg(x, t) +
J∑
j=1
∂tηj(x, t) , (27)
wherein g is suh that
∂tg(x, t) = f(x, t) . (28)
The last step is to introdue (26) into (24) followed by integration over t and neglet of the
integration onstant:
∂tηj(x, t) + ωjηj(x, t) =
1
ρ(x)
∇ · (yj(x)V(x, t)) . (29)
Our proedure for solving a problem of 2D SH wave motion, in response to the soliitation
f(x, t), in the temporal interval [0, T ] and spatial domain Ω, oupied by a isotropi, visoelasti
medium M haraterized by the density ρ(x) and rigidity spetrum funtion µ(x, ω), thus boils
down to:
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• obtain g(x, t) from f(x, t) via
∂tg(x, t) = f(x, t) ; x ∈ Ω , t ∈ [0, T ] , (30)
• obtain the weight funtions yj(x) from Q := ℜ(µ(x, ω))/ℑ(µ(x, ω)) via
µ(x, ω) = µR(x)

1 +
J∑
j=1
yj(x)
iω
iω − ωj

 ; x ∈ Ω , ω ∈ [ωmax
100
, ωmax
]
, (31)
• solve the oupled system of three rst-order-in-time partial dierential equations
µR(x)∇u(x, t) − ∂tV(x, t) = 0 ; x ∈ Ω , t ∈ [0, T ] , (32)
ρ∂tu(x, t)−∇ ·V(x, t) = ρg(x, t) +
∑
j=1
∂tηj(x, t) ; x ∈ Ω , t ∈ [0, T ] , (33)
∂tηj(x, t) + ωjηj(x, t) =
1
ρ(x)
∇ · (yj(x)V(x, t)) ; x ∈ Ω , t ∈ [0, T ] , (34)
for the three unknown funtions u(x, t), V(x, t), and η := {ηj(x, t) ; j = 1, 2, .., J}.
3.1 Desription of the ities and methods of analysis
The densities in the bedrok, soft layer and bloks (together with their foundations) where
hosen to be: 2000kg.m−3, 1300kg.m−3, and 325kg.m−3 respetively. The bulk shear wave
veloities in these three media were taken to be 600m.s−1, 60m.s−1, and 100m.s−1 (instead
of 200m.s−1 in [6℄) respetively, and the quality fators were hosen to be +∞, 30, and 100
respetively. The foundation depth of the bloks was 10m and the soft layer thikness was taken
to be 50m. The blok widths and heights ranged over 30− 60m and 50− 70m respetively (see
Table 1). The blok separations ranged over 60− 100m for C1, 30− 50m for C2 and 10− 30m
for C3 (see Table 1).
We omputed the seismi response both in the absene and presene of the bloks. The media
below ground level were the same in both of these ases. Most of the aforementioned parameters
are lose to those of [10℄ and [6℄, and are fairly representative of the bloks and substratum
at downtown sites in Mexio City. The omputational domain was a 3500m × 3500m square
disretized by a grid of 700 nodes in eah dimension. This domain was surrounded by a PML
layer [16℄ 29 nodes thik, and 943 nodes where plaed on the free surfae [12℄ .
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To give a measure of the vulnerability of the bloks of the ity, we omputed the vulnerability
index Rj , introdued in [6℄:
Rj =
∫ T
0
|∂tu(xj , t)|
2
∫ T
0
|∂tu0(x0, t)|
2
(35)
wherein: T is the time interval of signiant shaking (taken herein to be 200s), |∂tu(xj , t)|
2
the
modulus-squared partile veloity at the midpoint of the j-th blok, and
∣∣∂tu0(x0, t)∣∣2 the same
quantity measured on the ground in the absene of all the bloks.
To give a measure of the strength of ground shaking, we omputed the index Rj,j+1:
Rj =
∫ T
0
|∂tu(xj,j+1, t)|
2
∫ T
0
|∂tu0(x0, t)|
2
(36)
wherein: T is as previously, |∂tu(xj,j+1, t)|
2
is the modulus-squared partile veloity at the enter
of the ground segment between the the j − th blok and the j + 1− th blok, and
∣∣∂tu0(x0, t)∣∣2
is as previously.
3.2 Validation of the method
We validated the time domain method on the anonial example of at ground with no
bloks. The visoelasti modulus of the soft layer is given by Kjartansson's formula [17℄:
µ1(x, ω) = |µR(x, ωR)|
(
−iω
ωR
) 2
pi
arctan(Q−11 )
(37)
The soure position was xS = (0m, 3000m), and we omputed the displaement at the point just
below the hypotheti building B1. In Fig.2, the small dierenes between the semi-analytial
[18℄ and numerial solution are due to: i) the fat that the semi-analytial solution involves
numerial integration, and ii) disretization errors in our time-domain method.
4 Results
The aim of this work was rst to prove that ampliation, beatings, long duration, and
spatial variability of response are observed even when the media (in the layer and bloks) are
dissipative, and that essentially the same phenomena are involved in both the dissipative and
non-dissipative ases.
The snapshot of the modulus of the total displaement eld in Fig. 6 pertains to the ase
in whih there are no bloks in the ity, for the dissipative layer ase. As mentioned in [10℄, [6℄,
9
[18℄, one does not expet the Love modes to be exited to any great extent when the soure is
far from the layer. This is what is atually observed in Fig. 6 sine the displaement eld in the
soft layer is not typial of that of a Love mode.
Fig. 6 depits the snapshot for a ity overlying a dissipative layer with ten bloks. One
observes a series of hot spots inside the low-veloity layer, onstituting an indiation of something
like a standing wave in the layer betraying the exitation of a quasi-Love mode [11℄, [4℄, [18℄.
This onguration also gives rise to rather large response in the bloks and on the ground, as
was previously observed in [6℄ for non-dissipative media, and in [10℄ for a periodi distribution
of idential bloks.
The time reords and spetra, presented in Figs. 6-8 all for the following omments.
• Fig. 6 exhibits the time history of the veloity at the summit of building no. 6, for both
the dissipative and non-dissipative ases. The durations are muh longer when there is no
dissipation. Nevertheless, in the dissipative ase, beatings are observed and the duration
of motion is of the order of 2 min.
• Fig. 6 ontains the time histories of the veloity, and the veloity spetra at the summits
and on the ground in between bloks for ity C1.
• Fig. 7 ontains the time histories of the veloity, and the veloity spetra at the summits
and on the ground in between bloks for ity C2.
• Fig. 8 ontains the time histories of the veloity, and the veloity spetra at the summits
and on the ground in between bloks for ity C3.
The results in terms of the vulnerability indies are given in Table 2.
5 Disussion
This work was initiated in [6℄, in whih the authors onsidered the soft layer and bloks to
be oupied by non-dissipative media.
The time histories in Figs. 6-8 herein, relative to dissipative bloks and a dissipative soft layer,
again exhibit ampliation, beating phenomena, long odas and spatial variability of response in
all three ities. The spetra exhibit so-alled 'splittings' [10℄, whih are responsible for beating
phenomena and part of the duration. The durations (time during the whih amplitude is more
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than 0.1 of the maximal amplitude) are not notably dierent for the three ities (i.e., maximal
duration of around 120s) for the three ongurations. The entries in Table 2 indiate that the
vulnerability indies of the bloks are signiantly-large even in the ase of dissipative media.
The spetra are more irregular (i.e., the number of peaks is larger) when the average separation
of the bloks is smaller. This may onstitute an indiation of greater struture-soil-struture
and/or greater blok-to-blok interation responsible for more eient exitation of quasi Love
modes (these are neither the rigid base blok modes, nor the Love modes in the absene of the
buildings, but a ombination of the two [11℄).
6 Conlusion
The traditional [1℄, [2℄ (and even quite reent [3℄, [5℄, [4℄) hoie, onerning the analysis of
earthquakes in ities built on soft soil as Nie and Mexio City, has been to introdue omplexity
into the substratum while leaving the free surfae at or with large-sale topographi features
[4℄. The buildings are not inluded in suh models and their response is treated separately, if
at all, using the at ground motion as the input. This has led to response preditions that are
more in line with what has atually been observed during tremors in a variety of ities (Nie,
Los Angeles, Mexio City, et.). Nevertheless, one or several of the features, namely duration,
peak veloities and spatial variability, of observed response, dier from those of the preditions.
This is possibly due to the fat that the ne struture of the substratum is usually unknown.
Another plausible hypothesis is that small-sale irregularities on the free surfae and on interfae
between the foundations and the soft soil, introdued by the existene of buildings in a ity, may
ontribute signiantly to the overall motion of the site.
This hypothesis was shown to be tenable for: i) a non-dissipative basement underlying a
ity of ten, non-equispaed, non-equally sized, homogenized, non-dissipative bloks in [6℄, and
ii) a dissipative basement underlying a ity with an innite number of equispaed, idential,
dissipative bloks in [10℄. Herein, we again onsidered ities with ten non-equispaed non-equally
sized, homogenized bloks, but the latter, as well as the underlying layer, were onsidered to be
dissipative.
We found that the introdution of dissipation does not eliminate the previously-found anoma-
lous eets arising from the presene of the bloks, whih take the form of peak ground and blok
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motion ampliations, beatings, and long odas. As expeted, the durations turned out to be
smaller than in the non-dissipative ase, but the vulnerability indies remained signiantly
large. When the spaing between bloks was redued, we found some evidene of inreased
struture-soil-struture and blok-to-blok interations, but, ontrary to expetation, this did
not have signiant eets on either the duration of motion or on the peak ampliation.
These anomalous eets, as well as their spatial variability, are qualitatively the same as
those observed in Mexio City and underline the fat that the individual buildings or groups of
buildings (bloks) play a very ative role in the overall motion of a ity submitted to a seismi
disturbane.
In the future, it will be neessary to examine to what extent the anomalous response is
aeted by the loation and type of seismi soure, as well as by the duration of the pulse
radiated from this soure (note that studies suh as [3℄, [18℄ take no aount of the buildings of
the ity).
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Figure 1: Sagittal plane view of the ity-like environment with homogenized bloks embedded
in a soft layer overlying a hard half spae
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Figure 2: Time history of the displaement (left panel) and displaement spetrum (right panel).
Solid-line: numerial solution, dashed-line: semi-analytial solution
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Figure 3: Snapshot of the total (i.e., inident plus sattered) displaement eld, at t = 15s, for
at ground underlain by a soft layer and hard half spae.
Figure 4: Snapshot of the total (i.e., inident plus sattered) displaement eld, at t = 15s, for
ity C1 with 10 bloks.
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Figure 5: Time reord of the veloity on top of building no. 6, for ity C1 with 10 bloks. Solid
line: dissipative media, dashed line: non-dissipative media.
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Figure 6: Time reords of total partile veloity for `ity' C1 with ten bloks having dierent
spaing d1j,j+1 (j = 1, 2, ..., 9). Eah row of the gure depits the partile veloity (in s): at the
enter of the top of the j-th blok (left), the enter of the ground segment between the j-th
and the j + 1-th blok (middle) and at the top of the j + 1-th blok (right). The solid urves
in all the subgures represent the partile veloity at ground level in the absene of the bloks.
The vulnerability indies Rj at the top of the j-th blok and Rj,j+1 on the ground between the
j-th and the j + 1-th blok, are indiated at the top of eah subgure. The absissas designate
time, and range from 0 to 200s. Note that the sales of the ordinates do not vary from one
subgure to another. Below eah time reord appears the modulus of the veloity spetrum of
the previous quantity. The absissas designate frequeny, and range from 0 to 2Hz.
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Figure 7: Time reords of total partile veloity for `ity' C2 with ten bloks having dierent
spaing d1j,j+1 (j = 1, 2, ..., 9). Eah row of the gure depits the partile veloity (in s): at the
enter of the top of the j-th blok (left), the enter of the ground segment between the j-th
and the j + 1-th blok (middle) and at the top of the j + 1-th blok (right). The solid urves
in all the subgures represent the partile veloity at ground level in the absene of the bloks.
The vulnerability indies Rj at the top of the j-th blok and Rj,j+1 on the ground between the
j-th and the j + 1-th blok, are indiated at the top of eah subgure. The absissas designate
time, and range from 0 to 200s. Note that the sales of the ordinates do not vary from one
subgure to another. Below eah time reord appears the modulus of the veloity spetrum of
the previous quantity. The absissas designate frequeny, and range from 0 to 2Hz.
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Figure 8: Time reords of total partile veloity for `ity' C3 with ten bloks having dierent
spaing d2j,j+1 (j = 1, 2, ..., 9). Eah row of the gure depits the partile veloity (in s): at the
enter of the top of the j-th blok (left), the enter of the ground segment between the j-th and
the j +1-th blok (middle) and the j +1-th blok (right). The solid urves in all the subgures
represent the partile veloity at ground level in absene of bloks. The vulnerability indies
Rj at the top of the j-th blok and Rj,j+1 on the ground between the j-th and the j + 1-th
blok, are indiated at the top of eah subgure. The absissas designate time, and range from
0 to 200s. Note that the sales of the ordinates do not vary from one subgure to another.
Below eah time reord appears the veloity spetrum of the previous quantity. The absissas
designate frequeny, and range from 0 to 2Hz.
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B1 B2 B3 B4 B5 B6 B7 B8 B9 B10
height hi 50 50 50 60 60 60 70 70 70 70
width wi 30 40 50 30 40 60 30 40 50 60
spaing d1i,i+1 70 90 60 80 100 60 90 80 60
d2i,i+1 30 40 30 40 50 30 40 40 30
d3i,i+1 10 20 10 20 30 10 20 20 10
Table 1: Geometrial parameters of the ten-blok idealized ities. The units are meters
R1 R2 R3 R4 R5 R6 R7 R8 R9 R10
C
1
9.2 10.2 7.5 12.6 9.4 6.1 10.9 7.9 6.9 6.5
C1 7.5 7.1 4.0 6.7 5.9 3.2 6.0 5.4 4.0 3.3
C2 4.2 9.5 5.9 5.6 7.6 4.0 5.0 6.6 4.0 2.7
C3 2.6 6.2 4.9 3.8 6.1 4.8 5.7 7.5 4.6 2.7
Table 2: Vulnerability indies. (bold for non-dissipative media)
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